INTRODUCTION
Experiments studying nucleotide excision repair (NER) proteins using optical imaging in our laboratories usually go through three distinct phases: biochemical analysis (Croteau, DellaVecchia, Perera, & Van Houten, 2008; Croteau et al., 2006) , atomic force microscopy (AFM) , and fluorescence single-molecule imaging (Hughes et al., 2013; Kad, Wang, Kennedy, Warshaw, & Van Houten, 2010; . First, proteins should be highly purified and exhibit excellent activity. Purification of these proteins often includes a sizeexclusion chromatography step to ensure a homogenous preparation of nonaggregated protein, free of contaminating DNA, which is then examined by a variety of bulk biochemistry methods such as fluorescence anisotropy and electrophoretic mobility shift assays for DNA-binding affinities. These proteins are then imaged alone and complexed with DNA substrates using AFM to assess properties such as homogeneity, stability, stoichiometry (Ghodke et al., 2014; Yeh et al., 2012) , specificity, and DNA bend angles . Finally, the dynamic interactions of these proteins with DNA are visualized with the DNA tightrope assay and fluorescence microscopy (Ghodke et al., 2014; Kad et al., 2010; Kong & Van Houten, 2016) . This chapter first gives detailed protocols on preparing defined DNA substrates for analysis by AFM or our tightrope assay. We then discuss how AFM is used to determine specificity, stoichiometry, and DNA bend angles. Finally, we end with a description of our optical DNA tightrope flow cell setup with which we can observe quantum dot (Qdot or QD)-labeled proteins using oblique angle illumination on a total internal reflection fluorescence microscope.
PREPARATION OF DEFINED LESION SUBSTRATES FOR AFM AND DNA TIGHTROPE ASSAY
To characterize protein-DNA interactions involving proteins that recognize specific targets, DNA sequences or otherwise, it is important to ensure that an optimal number of target sites exist in the DNA substrate against a vast nonspecific background, such that binding events can be observed efficiently. For DNA repair proteins that carry out damage recognition, a common method to globally induce different types of lesions in a random manner is to subject commercially available λ-DNA to physical or chemical manipulations (Kad et al., 2010; Nelson, Dunn, Kathe, Warshaw, & Wallace, 2014) . The number of total lesions can be estimated qualitatively for comparison purposes or, in the case of UV-induced photoproducts, explicitly calculated as an average lesion density through quantitative PCR (qPCR) (Furda, Bess, Meyer, & Van Houten, 2012; Meyer et al., 2007) . It is also worth noting that UV irradiation of DNA generates 6,4-photoproducts as well as cyclobutane pyrimidine dimers, both of which contribute to the global average lesion density derived from qPCR. Compared to the random distributions of possibly more than one type of lesion generated as briefly described above, a DNA substrate containing site-specific lesion(s) of desired identity offers more control in the sequence context around the lesion site and leads to more predictable binding patterns that may correlate with specific binding events. To this end, we have developed two different strategies for making DNA substrates containing sitespecific lesions, suitable for single-molecule AFM and DNA tightrope assays. The first approach, based on the plasmid pSCW01 ( Fig. 1A and B) previously used to study DNA mismatch repair, places a 37mer lesioncontaining oligonucleotide in a gap created in the plasmid via nicking at four Nt.BstNBI sites (Fig. 1C (i) -(iv)) (Geng et al., 2011; Ghodke et al., 2014) . The oligonucleotide containing the defined lesion is sealed into the plasmid by T4 DNA ligase with high efficiency approaching 98%-99% (Fig. 1C (v) ). The plasmid can be digested to yield a 538-bp lesion-containing fragment for AFM studies ( Fig. 1C ; Section 2.7). Alternatively, it is linearized and tandemly ligated (end to end) to form long DNA substrates suitable for the plasmid. The plasmid is first nicked by Nt.BstNBI at four different locations (i), which yields three short single-stranded fragments (ii) that are liberated from the plasmid via heating, resulting in a gapped plasmid (iii). 37mer oligonucleotides, each containing a site-specific lesion, are annealed to the gapped plasmids (iv) before the nicks on either side of the oligonucleotides are sealed by overnight ligation (v) . The plasmids can now tightrope assay ( Fig. 1C ; Sections 2.1-2.6). These defined lesion damage arrays thus contain one site-specific lesion every 2030 bp (Fig. 1E) . Another approach inserts an oligonucleotide containing a site-specific lesion into λ-DNA ( Fig. 1D ; Section 2.8). In this method, λ-DNA is first nicked by Nt.BstNBI at 61 different sites and the shortest single-stranded fragment, between bases 33,778 and 33,791, is then liberated and replaced with a lesion-containing oligonucleotide.
Growing pSCW01 Plasmid

Equipment
• 37°C shaking incubator • Laboratory centrifuge
Buffers and Reagents
• Escherichia coli transformed with pSCW01 on LB-Amp agar plates • LB media with 100 μg/mL ampicillin (LB-Amp) 2.1.3 Procedure 1. Pick a single colony from a freshly transformed plate. 2. Inoculate a 2-mL LB-Amp starter culture for 6 h at 37°C. 3. Inoculate 1 L LB-Amp with 1 mL starter culture. Grow for 18 h at 37°C. be linearized by XhoI and then tandem-ligated to form long DNA substrates, containing one site-specific damage per 2030 bp, for use in the DNA tightrope assay. Alternatively, the plasmids can be double digested by XmnI and PciI and gel purified to obtain 538 bp fragments, each containing one site-specific damage $160 bp from the PciI site. (D) Strategy for inserting a damaged oligonucleotide with a biotin conjugate for quantum dot visualization in λ-DNA. The upper λ-DNA sequence is underlined at the binding sites for Nt.BstNBI. Cut sites are indicated by red arrows, leading to the release of the bolded segment. This is replaced by the lower 5 0 phosphorylated oligonucleotide (blue) containing damage (Z ¼ fluorescein-dT) and biotin-conjugated via TEG at the 3 0 end. (E) An array of streptavidin-conjugated quantum dots on a DNA tightrope of a defined lesion substrate containing one site-specific abasic site analog per 2030 bp, each with a proximal biotin marking the site of the lesion. (F) DNA damage (magenta) visualized with 655 streptavidin-conjugated quantum dot on a λ-DNA tightrope stained with YOYO-1 (cyan). Panel E: Adapted with permission from Ghodke, H., Wang, H., Hsieh, C. L., Woldemeskel, S., Watkins, S. C., Rapic-Otrin, V., et al. (2014) (Table 1) , and twice the number of units of nickase (Nt.BstNBI, 10 U/μL, NEB) as the amount of plasmid DNA in micrograms. Incubate the reaction at 55°C for 4 h. Before proceeding to the next step, save 1-2 μL of the nicking reaction for diagnostic tests. 2. Inactivate the nicking reaction at 85°C for 10 min before turning off the heat block. Let the heat block cool down to room temperature for approximately 3.5-4 h to allow annealing of displacer oligos with complementary short fragments liberated from plasmids through the nicking reaction. Before proceeding to the next step, save 1-2 μL of the gapped DNA for diagnostic tests.
Notes
1. Start the nicking reaction with at least 50 μg of plasmid DNA for better yield in the next step. 2. During cooling, the excess displacer oligonucleotides capture and anneal to those liberated from the nicking reaction, preventing them from reannealing to the plasmid. These short fragments and oligonucleotides are then removed in the next step. should have formed a thin film stuck on the side of the tube. Using a pipette, wash the side wall with 500 μL of 70% ethanol. The white film of DNA should peel off and settle to the bottom of the tube. 4. Centrifuge and collect the DNA pellet at 4°C for 15 min at the maximum speed (14,800 rpm) on a benchtop centrifuge. 5. Carefully remove the supernatant from each tube without disturbing the DNA pellet at the bottom. 6. Air dry the tube and the pellet before resuspending the pellet in 200 μL of ddH 2 O. 7. Dilute 1 μL of the purified gapped plasmid DNA in 20 μL of 1Â TE buffer and measure the DNA concentration at A 260 using a UV-vis spectrophotometer (NanoDrop 2000, Thermo Scientific). 8. Save 1-2 μL of the purified gapped plasmid DNA for diagnostic tests. 9. Test for completeness of nicking and gapping reactions by setting up restriction digests of samples saved previously after nicking and gapping reactions. Purified pSCW01 plasmids should be used as a positive control. Restriction enzymes (PstI and NcoI, NEB) target the sequence that is nicked and/or liberated after nicking, and therefore will not incise the gapped plasmid DNA. Typical reactions contain 100-200 ng of nicked or gapped plasmid DNA and 5 U of restriction enzyme in 20 μL of appropriate reaction buffer and are incubated at 37°C for 2 h. Run all digested reactions and undigested controls on a 1% agarose gel ( Fig. 2A) .
PEG Purification of Gapped
Notes
1. During the resuspension step, it may be helpful to heat the tube at 55°C for 10 min to help resolubilize the DNA. Fig. 2A) . 7. To test for completeness of the ligation reaction, set up restriction digest reactions of the saved ligated plasmids with FL37 in the gap. Prepare single digestions of the sample with either EcoRI or AatII, as well as a double digestion with both enzymes. Incubate 20 μL reactions containing 100-200 ng plasmids and 5 U of restriction enzyme(s) in appropriate buffer at 37°C for 2 h. To each 5 μL of digested samples and undigested control, as well as 2 μL of 25nM fluorescein-labeled oligonucleotides of appropriate lengths (37mer and 50mer), add equal volume of 2 Â denaturing sample loading buffer. Heat all samples at 90°C for 5 min and chill on ice immediately. Load these samples on a prerun 10% denaturing polyacrylamide gel. Ensure that the gel runs hot to the touch to prevent reannealing of single-stranded DNA and image on a fluorescence scanner (Typhoon 9400, GE Healthcare). Lengths of the diagnostic restriction digests will vary depending on whether the 5 0 -or the 3 0 -nick was sealed. We normally observe >98% ligation of both ends of the modified 37mer.
Annealing and Ligation of 37mer Oligo
2.5.4 Notes 1. Ideally, steps in the protocol from nicking plasmids to annealing of 37mer oligonucleotides should be completed in 1 day, with the 18-h ligation setup to take place overnight. This is so that the time that plasmids remain gapped, during which they are presumably the most fragile, is minimized. However, if necessary, purified gapped plasmids can be stored overnight at 4°C without significant adverse effects on the quality of the entire preparation. 2. Ligation reaction can also be confirmed by comparing overnight-ligated plasmids to those before ligation. A supercoiled band similar to that seen in purified plasmids should reappear after ligation (Fig. 2B ). by adding 1 μL of 50 mM EDTA. Stop the rest of the reaction (18 μL) by placing the ligation reaction tube on dry ice till frozen. Ligation products can be kept for short-term storage at -20°C. 5. To check the efficiency of tandem ligation, run the saved sample from the step above on 0.8% agarose gel with full-length λ-DNA (NEB) and λ-DNA HindIII digest fragments (NEB) as standards (Fig. 2C) . Tandemligation products should be at least the same length as the longest λ-DNA HindIII digest fragment ($23,000 bp), preferably equal to or longer than λ-DNA ($48,000 bp). 
Linearization and Tandem Ligation
Preparation
2.
Inactivate the digestion reaction at 80°C for 20 min before turning off the heat block. Let the heat block cool down slowly to room temperature. Run a small sample of the digested product on 1% agarose gel to ensure that digestion was complete. 3. Run the rest of digestion reaction on 1% agarose gel. Excise the band of appropriate size from gel and extract DNA with a commercial gel purification kit per manufacturer's protocol. See Section 2.7.4 for notes on avoiding UV damage. 4. Purify gel-extracted DNA one more time with a commercial PCR purification kit (QIAquick PCR Purification Kit, Qiagen) per manufacturer's protocol to ensure complete removal of restriction enzymes from the desired DNA fragments. The final elution of DNA should be carried out in AFM water. Measure DNA concentration at A 260 using a UV-vis spectrophotometer (NanoDrop 2000, Thermo Scientific). 5. In a vacuum concentrator (SpeedVac DNA120, Thermo Scientific), concentrate DNA sample to desired concentration appropriate for AFM-binding experiments ($200-300 nM). DNA can be kept at 4°C for immediate use, or -80°C for long-term storage.
2.7.4 Notes 1. When excising gel bands on the UV transilluminator, it is important to minimize the bands' exposure to UV as UV light could induce additional undesired photoproducts in DNA. To do so, load in a separate lane a small amount of digested DNA for visualization purpose only and shield the bulk of the DNA sample in gel from UV with aluminum foil. 2. Two-step purification (gel extraction and PCR purification kits) should remove all DNA-bound restriction enzymes from the sample. However, if proteins are found bound to DNA upon quality check under AFM, additional rounds of PCR purification may be needed at the cost of slight loss of DNA sample. Additionally, it may be necessary to do a phenolchloroform extraction and ethanol precipitation to get rid of stubborn proteins. 3. It may be desirable to aliquot purified DNA sample into single-use tubes and store at -80°C to avoid repeated freeze-thaw cycles. 2.8.3 Procedure 1. Prepare the nicking reaction using NEBuffer 3.1, 5 μg of λ-DNA and 2 U of enzyme; incubate at 55°C for 2 h. 2. Digestion of λ-DNA with the single-stranded nickase will create numerous nicks with which only one pair will be close enough together to generate an oligonucleotide fragment with a near room temperature melting point, regions 33,778-33,791 of λ-DNA (Fig. 1D ). 3. Incubate with a 10-fold excess of damage-containing oligonucleotide (FL13 , Table 1 ) at 55°C for 10 min. 4. Allow the solution to cool to room temperature. 5. Perform the ligation with 1 U of T4 DNA ligase and 1 mM ATP at room temperature overnight. 6. Removal of DNA ligase can be achieved using phenol:chloroform extraction (Sambrook, Fritsch, & Maniatis, 1989) . 7. The lesion-containing DNA is ready to be used for DNA tightropes. 8. The DNA can be stored at 4°C for use within a day or two, for longer storage -20°C is preferred. 9. To visualize the damage site located 5 bases from the biotin, add 10 nM streptavidin-conjugated Qdots into a flow cell and incubate for 15 min. This can be combined with 100 nM YOYO-1 dye to visualize the DNA simultaneously ( Fig. 1F ).
Defined Lesion Substrates Based on λ-DNA
2.8.4 Notes 1. For longer tightropes, DNA can be concatemerized (Springall, Inchingolo, & Kad, 2016) . 2. This procedure is based on the method of Tafvizi, Huang, Fersht, Mirny, and van Oijen (2011) .
ATOMIC FORCE MICROSCOPY
AFM provides a topographical view of protein-DNA interactions (Fig. 3) . Three major sets of data can be obtained from a single protein-DNA experiment: protein specificity for site-specific lesions, as determined by its binding position on a DNA substrate ( Fig. 4B and F) ; the bend angle of DNA at points of specific and nonspecific protein binding or otherwise ( Fig. 4C and G) ; and the stoichiometry of protein binding to DNA substrates as determined by the volume of the complex (Fig. 4A, D , and E). The steps needed to acquire these data are outlined below. The overall process involves setting up a protein-DNA-binding reaction and depositing the sample onto atomically smooth mica (Section 3.1), imaging with an atomic force microscope (Section 3.2), and analyzing data (Section 3.3).
Binding reactions are set up using purified proteins and DNA substrates 500-600 bp in length. The process described in Section 2.7 produces a 538-bp DNA duplex with a single site-specific lesion, positioned at 30% the contour length. Empirically, substrates of this size are ideal for AFM because they are long enough to allow for precise assessment of protein-binding positions and DNA bend angles, but short enough such that a large number of molecules can be captured in a single 1 Â 1 μm field without excessive overlap and convolution.
Many protocols for AFM take advantage of the chemical properties of mica. First, mica exists in sheets that can be easily cleaved. Freshly cleaved mica is an atomically smooth surface, ideal for AFM imaging, as it will not contribute to the landscape being imaged. Second, the surface of freshly cleaved mica has a negative charge, which may be useful for studying certain positively charged particles. However, when studying protein-DNA interactions, mica can be treated with divalent and/or monovalent cations; we use a combination of sodium and magnesium salts in our deposition buffer. This confers a positive charge to the mica surface that will attract the negative phosphate backbone of DNA and enhance sample adhesion (Hansma & Laney, 1996; Vesenka et al., 1992) .
Finally, the atomic force microscope scans the samples on mica to produce topographical data. Suspension of the microscope with bungee cords provides some protection from interfering vibrations (Fig. 3A) . In AFM tapping mode (Fig. 3B) , a cantilever (with probe tip at the end) is driven to oscillate vertically near its resonance frequency. The AFM scanner allows the probe to track a sample field in the X-Y dimensions. In tapping mode, Fig. 3 Atomic force microscopy setup. (A) diMultiMode V atomic force microscope by Veeco. For noise isolation, the AFM is placed on a heavy platform suspended by elastic bungee cords that are secured to a tripod. (B) Schematic of AFM tapping mode in air (not to scale). A protein-DNA sample on mica (i) glued to a metal disc (ii) is placed on the AFM scanner (iii). The probe tip (iv) scans across the sample to generate AFM data. The tip is located at the end of a cantilever (v), which is attached to a support chip (vi) and held by the probe holder (vii). A laser (viii) is reflected off the cantilever and onto a photodetector (ix). Deflection of the cantilever induced by the sample surface changes the path of the laser beam and provides topographical information about the sample (not shown). (C) 12-mm mica chip glued to metal disc. (D) Probe holder with probe (red arrow) for tapping in air. (E) Close-up of probe holder and probe installed above mica on scanner. and Gaussian fitting (red curve) show DNA bend angles (43 AE 24°, n ¼ 189) at specific binding events (proteins bound between 20% and 40%). Panel (D): Adapted with permission from Ghodke, H., Wang, H., Hsieh, C. L., Woldemeskel, S., Watkins, S. C., Rapic-Otrin, V., et al. (2014) . Single-molecule analysis reveals human UV-damaged DNA-binding protein (UV-DDB) dimerizes on DNA via multiple kinetic intermediates. Proceedings of the National the oscillation amplitude is kept constant, but interaction with the sample surface causes deflection of the cantilever and alters the path of the reflected laser beam. Three-dimensional images are captured and can be analyzed using various computer programs. 2. During reaction, heat the required volume ($200 μL) of deposition buffer at 65°C for 15-20 min. After heating, vortex buffer and spin down briefly. Allow to cool back to room temperature before setting up dilutions in step 4. 3. During reaction, and while deposition buffer is preheating, cleave mica using scotch tape. A razor blade may be used to make a shallow cut across the edge of the mica as a starting point for peeling. Smooth tape over the surface of the mica and, gripping the metal disk with forceps, pull the tape back. Check surface for uneven cleavage and repeat if necessary. A mica chip glued on a metal disc is shown in Fig. 3C . 4. When steps 1-3 are complete, set up depositions one at a time, in order to minimize time sample is spent in deposition buffer (Note 3). Add 1 μL of the reaction to 24 μL of deposition buffer and mix gently. Transfer all 25 μL of the diluted reaction onto the mica (Note 4); be careful not to touch the surface with the pipette tip. Immediately after depositing the droplet, gently rock the mica back and forth and swirl to distribute the sample evenly on the surface. Do this for 30 s and immediately begin step 5. 5. Aspirate 1000 μL of AFM water in a micropipette, dispense approximately 200 μL onto the mica surface, and flick water into sink. Repeat until you have used all the water ($5 washes total). 6. Dry the mica under a gentle stream of N 2 gas. Push the liquid off the mica and onto a paper towel. Be careful of the air stream such that water droplets run down and off the surface, but are not allowed to come back up.
Binding Reaction and Sample Preparation
3.1.4 Notes 1. It is important that the purified protein is very clean and is stored in a buffer that does not include BSA, as this will interfere with imaging and analysis in the following sections. 2. Protein-binding buffer will vary depending on the specific reaction being studied. 50 mM HEPES (pH 7.5) and 150 mM NaCl are a good starting point. 3. These steps would be easiest with three hands, but they are manageable with a little forethought. We recommend setting up the "wash station" prior to beginning the depositions: aspirate 1000 μL of AFM water and leave pipette by N 2 tank, along with some paper towels laid on the bench to collect runoff. Then, make the dilution and aspirate the sample. Carefully set the pipette on the bench while picking up the mica with forceps.
Then, the operator can transfer the forceps/mica to their nondominant hand and dispense the sample using their dominant hand. 4. Sample concentration and volume both affect distribution on the mica.
Typically, depositing 25 μL of a 1:25 dilution (for a final concentration of 20 nM protein and 4 nM DNA) of the reaction results in favorable sample distribution without overcrowding. However, some optimization may be required. We suggest setting up multiple depositions to test these factors. (Fig. 3D) . Adjust the laser and mirror positions for the maximum signal intensity. 5. Remove the AFM head by releasing the springs on either side and place the mica onto the magnetic sample pedestal. Carefully, replace the AFM head and reattach the springs. The probe is now positioned over the sample on the scanner (Fig. 3E ). 6. Lower the tip to $50-100 μm above the mica surface. When using the NanoSensors PointProbe ® Plus, this can be estimated as roughly half the length of the cantilever that is visible. 7. Use the AFM knobs to adjust the laser position on the detector. The display on the AFM should read as close to 0 as possible for both vertical and horizontal differences.
Imaging With AFM
8. Switch the AFM to Tapping/TFM mode and carefully transfer the AFM to the bungee setup (Fig. 3A) . 9. Still on the Setup step in NanoScope, press Auto Tune. Verify that the Drive Amplitude is less than 100 mV. It may be necessary to use Manual Tune to achieve appropriate settings. 10. Click on the next step in NanoScope: Check Parameters. Begin with the following settings: scan size: 0.00 nm; aspect ratio: 1.00; X offset: 0.00 nm; Y offset: 0.00 nm; scan rate: 3.26 Hz; Samples/Line: 512; Lines: 512. 11. Click on the next step in NanoScope: Engage. The tip will lower toward the mica until it engages and begins tracking the sample. Ensure you are scanning in the height channel. Because the scan size is set to 0, the surface should appear completely flat. Verify that the Trace and Retrace curves are both sufficiently flat. 12. Click on the Withdraw step in NanoScope and then return to Setup.
Repeat steps 9-11. 13. Increase the scan size to 1000 nm. Press the Frame Up or Frame Down arrows to begin at the bottom or top of the field, respectively. 14. While scanning, capture the current field by pressing the camera button (Capture). The status bar will read "Capture: On" for the duration of the scan, and "Capture: Done" when it is complete and the file has been saved to the Capture Directory. The status bar will read "Capture: Next" if parameters have been changed within the current scan, such as scan size or offset. 15. After each image, change the X and Y offsets to move to a new area on the mica and capture a new image. We suggest moving by 1.1 μm each time to account for drift and avoid redundancy. 16. Open raw 001 files in NanoScope Analysis. Flatten the images using the Flatten tool. Select first-(line by line) or second (to correct for bowing effect)-order flattening and press Execute. Adjust data scales and colors as desired. Save changes. 17. To export BMP files of the height images, select the desired files in the Browse Menu. Right-click > Export… > bmp. 18. When imaging is complete, withdraw the trip (press Withdraw several times) and remove the AFM from the bungee setup. Close the NanoScope software and then shut off the controller. (Fig. 4B) .
In Image J, use the Segmented Line Tool (right-click on Straight Line to select Segmented Line) to measure the contour length and binding position. Left-click to begin the line and add vertices, along the length of the DNA; right-click to end the line. Select Analyze > Measure (or use shortcut "m") to add the current length measurement in units of pixels to the Results window. If images were captured as above, the conversion factor 1000 nm/512 pixels should be used to calculate length in appropriate units. Measure total contour length of the DNA molecule, as well as the length from the bound protein to the closest DNA end. Protein-binding position can be reported as percent from one end of the total DNA contour length, P ¼ (100 Â length from DNA end to protein)/total DNA contour length. Repeat for all labeled complexes. 4. Measure DNA bend angle (Fig. 4C) . Use the Angle Tool in ImageJ to measure the DNA bend angle at the bound protein. Left-click to create the three points of the angle; these may be adjusted by dragging the points as desired. Place the middle point at the center of the bound protein, such that the angle measures the bend in the DNA immediately adjacent on either side. Select Analyze > Measure (or use shortcut "m") to add the angle measurement (α) to the Results Window. DNA bend angles are typically reported as β ¼ 180 À α. Repeat for all labeled complexes. 5. Measure complex volume (Fig. 4A) (Ratcliff & Erie, 2001; Schneider, Larmer, Henderson, & Oberleithner, 1998) , a standard curve can be generated and used for all experiments with the same probe type and mode of data collection (Fig. 4E) . Using the center of the fitted Gaussian as the mean volume, calculate the experimental MW to determine stoichiometry.
3.3.3 Notes 1. It may be useful to have the file open in the NanoScope Analysis software as well. The 3D view is helpful when identifying proteins on DNA, particularly in the case of smaller proteins. 2. In step 5, the minimum particle size may vary depending on the protein being studied and the threshold settings applied. 3. Sample data from different NER proteins are shown in Fig. 4 . Wild-type Rad4-Rad23 binding to a 538-bp DNA substrate was analyzed for protein-binding position (Fig. 4F ) and DNA bend angle ( Fig. 4G ) . A mutant form of UV-DDB (127 kDa) binding to a 538-bp DNA substrate was analyzed for protein volumes (Fig.  4D) ; the mean volume corresponds to a MW of 388.6 kDa, which suggests that the protein was bound as a dimer (Ghodke et al., 2014) .
SINGLE-MOLECULE DNA TIGHTROPE ASSAY
To eliminate the need for constant flow and the potential of surface interactions, we have developed a unique optical platform, based on the ability to anchor both ends of a long DNA molecule on two nearby micronsized poly-L-lysine-coated silica beads via electrostatic interaction, with the rest of the DNA suspended in between them, forming DNA tightropes (Fig. 5) (Kad et al., 2010) . While the procedure involved does not offer the degree of precision and control afforded by the nanofabrication process used in constructing flow cells for DNA curtain assays (Gorman et al., 2007; Graneli, Yeykal, Robertson, & Greene, 2006; Lee et al., 2015; Sternberg, Redding, Jinek, Greene, & Doudna, 2014) , its implementation is relatively straightforward. The DNA tightrope assay also elevates the DNA molecules, and therefore protein-DNA interactions, away from the coverslip, allowing complete access to elongated DNA in space and minimizing any potential adverse surface effects. To illuminate protein-DNA interactions taking place microns above the surface, a subcritical, oblique angle must be used to maximize the signal-to-noise ratio (Konopka & Bednarek, 2008; Tokunaga, Imamoto, & Sakata-Sogawa, 2008) . Since its inception, we and others have utilized the DNA tightrope platform extensively to characterize proteins involved in prokaryotic and eukaryotic nucleotide and base excision repair, as well as telomere shelterin complex components TRF1 and TRF2 (Dunn, Kad, Nelson, Warshaw, & Wallace, 2011; Ghodke et al., 2014; Hughes et al., 2013; Lin et al., 2014 Lin et al., , 2016 Nelson et al., 2014) . Due to the oblique angle illumination, the tightrope platform requires the use of Qdots to label proteins and provide sufficient fluorescence for visualization. These fluorescently stable and brilliant nanoparticles allow continuous imaging at rates of 10-100 frames per second for collection periods of minutes without any photobleaching. Preparation of the flow cell begins with precoating clean coverslips with polyethylene glycol (Sections 4.1 and 4.2) and assembling predrilled microscope slides with inlet and outlet tubing (Section 4.3). Flow cells are constructed by attaching the coverslip to the slide assembly via a double-sided tape spacer (Section 4.5). Microspheres are simply flowed in such that they are distributed randomly but uniformly throughout the imaging area. Following deposition of the silica beads, tightropes are set up by continuously flowing DNA back and forth inside the flow cell for 40-60 min at the rate of 0.3 mL/min (Section 4.6). This step allows one end of the negatively charged DNA molecule to anchor to a positively charged bead, while the rest of the molecule is elongated by hydrodynamic force in the flow. With bead density optimized for length of DNA substrate used, the free end of the DNA molecule can attach to another bead in the vicinity. Proteins are visualized by Qdot labeling (Section 4.7), which is achieved either by conjugating a streptavidin-coated Qdot to a biotinylated antibody that recognizes the affinity tag on the protein (Ghodke et al., 2014; or through an antibody sandwich approach that utilizes a primary antibody against the affinity tag on the protein combined with a secondary antibody-coated Qdot (Kad et al., 2010; Wang, Tessmer, Croteau, Erie, & Van Houten, 2008) . Data are collected, exported, and analyzed with a combination of software and scripts (Sections 4.8 and 4.9). Then fill staining jars with 1 M KOH solution saved from the previous step. Sonicate for 15 min. 8. Pour off KOH solution and rinse coverslips thoroughly under deionized water. Then fill staining jars with deionized water and sonicate for 15 min. 9. Replace the deionized water in staining jars. Slides can be stored in water until they are to be used.
Cleaning Coverslips
Notes
1. Do not allow coverslips to sit in 1 M KOH solution for prolonged time as they can be slowly etched by the solution.
PEGylation of Coverslips
Equipment • Ultrasonic cleaning bath (Branson)
• Glass or plastic staining jars
Buffers and Reagents
• Aminosilane solution (for eight coverslips, 1.0 mL (3-aminopropyl) triethoxysilane, 2.5 mL glacial acetic acid, and 50 mL methanol, scale up if needed) • 10 mM NaHCO 3 , adjusted to pH $8.5
• PEG solution (25 mg mPEG-succinimidyl valerate, MW 5000 (Laysan Bio) dissolved in 96 μL of NaHCO 3 solution) • Compressed nitrogen gas • Benchtop drill press and 1.25 mm diamond drill bit • Extra fine grit sanding sponge (3M) Apply adhesive around the base. Allow the ends to protrude $1 mm from the other (bottom) side of the slide ( Fig. 6A and E ). This ensures that should some adhesive seeps through, it will not block the tubing. 4. Set the assembled slides aside at room temperature for at least 24-48 h to allow the adhesive to cure completely. 5. Drilled slides and Teflon tubing may be reused. For disassembly, submerge the flow cell (see below) in acetone for 1-2 days until it falls apart. Keep the slide and tubing and discard everything else. Remove any residual adhesive from the slide with a razor blade or KimWipe soaked in acetone. 6. In a staining jar, submerge used slides in acetone and sonicate for 1 h. 7. Discard acetone, rinse the slides thoroughly under deionized water, and fill the staining jar with the slides cleaning solution (1 M HCl and 20% ethanol). Sonicate for 1 h. 8. Discard the cleaning solution, rinse the slides thoroughly under deionized water, and fill the staining jar with 100% ethanol. 9. Wipe dry slides with KimWipes. Any remaining adhesive on the slides should be rubbed off with KimWipes and 100% ethanol.
Notes
1. It may be helpful to drill holes in the slide while it is submerged in water in order to help reduce the probability of slides cracking.
2. Some adhesives may cure faster (i.e., overnight) if the assembled slides are left in a 37°C incubator. Take a clean slide and use a razor blade to cut the protruding ends of tubing flush with the slide. Scrape back and forth to ensure that the bottom side of the slide is flat and smooth. 2. Cut out a double-sided tape spacer with a razor blade. Peel one side and paste it to the slide, using fingernail to firmly press the sticky tape ( Fig. 6C and F) . 3. Take one PEGylated coverslip from 4°C storage. Make sure that there is no excessive condensation or water on the treated (unmarked) surface. Hold the coverslip on its edges with fingers so that any condensation on the treated side evaporates quickly. Wipe the untreated (marked) surface dry with KimWipes. 4. Peel off the adhesive backing, make sure that the coverslip is completely dry, and place the PEGylated coverslip over the sticky tape spacer. Make sure the edges of the coverslip do not extend beyond those of the slide underneath it. Again, using the thumbnail, gently press around the outline of the spacer (Fig. 6B , C, and G). 5. With a 200-μL gel-loading tip, fill the flow cell with $100 μL of the blocking buffer (10 mM HEPES, pH 7.5, 50 mM NaCl, 1 mg/mL BSA). Block the flow cell for 10 min. 6. After 10 min of initial blocking, examine the flow cell to ensure that no leakage has occurred, and then prepare the beads while blocking continues. First, vortex and resuspend the stock of beads in poly-L-lysine solution. 7. Add 13-15 μL of bead stock to 400 μL of ddH 2 O. Resuspend again by vortexing and then centrifuge at 12,000 rpm for 4 min at 16°C. Carefully discard the supernatant without disturbing the pellet. 8. Repeat the washing step above with another 400 μL of ddH 2 O. This time, after centrifugation, take out 300 μL of ddH 2 O and then resuspend beads in the remaining $110 μL. 9. Immediately after mixing, pipette $110 μL of the suspension slowly into the flow cell with a gel-loading tip. Collect the bead flow-through and recirculate once if necessary. 10. Check the distribution and density of deposited beads in the flow cell with a low-magnification light microscope. Add more beads if necessary. 11. Allow the beads to settle for 10 min, and then flow 200 μL of ddH 2 O through the flow cell to wash away any free beads.
Preparation of
4.5.4 Notes 1. Spacers can be prepared by folding a piece of double-sided tape (3M) onto itself to double the thickness and create two adhesive sides with removable backing. A nested-rectangle design pattern is then cut from the tape to make spacers. The outer rectangle should be slightly less than the size of the coverslip. The size of the inner rectangle corresponds to the usable flow cell area and should be large enough to encompass the predrilled holes in the microscope slide. 2. Poly-L-lysine-coated beads settle and clump together easily if left unperturbed. To ensure reproducible results, any pipetting should be done immediately after resuspension and vortexing. This is especially important in step 10. 3. It is useful to keep in mind the length of DNA tightropes to be used in the system when checking bead distribution and density. In order to determine whether enough beads have been deposited on the coverslip, compare the expected DNA tightrope length to interbead distances, which can be estimated based on known bead diameters. 4. The amounts of beads required may need to be further optimized with respect to the person carrying out this protocol. 
Preparation of DNA Tightropes
Protein Conjugation
The use of oblique angle illumination for probing of protein-DNA interactions on tightropes that are suspended 5 μm above the surface requires the use of fluorescent probes that are exceptionally bright. Bioconjugated Qdots or QDs are commercially available and possess characteristics such as broad excitation spectrum and narrow size-dependent emission spectrum, as well as excellent brightness and photostability, all of which are highly beneficial to single-particle tracking (Bruchez, 2011) . We have developed several approaches to label affinity purified proteins with Qdots for imaging on the tightrope platform, two of which are shown in Fig. 7 . The first strategy takes advantage of the highly specific streptavidin-biotin interaction by conjugating streptavidin-coated Qdots with biotinylated antibodies against the affinity tag used in the purification of the protein of interest (Fig. 7A) . Under certain circumstances, the placement of a relatively large Qdot close to the protein of interest may interfere with its ability to interact with other proteins or DNA. To prevent potential steric hindrance, we also developed the antibody sandwich approach, where a primary antibody against the affinity tag on the protein serves as the linker between a secondary antibody-coated Qdot and the affinity-tagged protein of interest (Wang et al., 2008) (Fig. 7B ). Both approaches are straightforward to implement in one-color imaging of protein on λ-DNA or defined lesion substrates without biotin in the damage-containing oligonucleotide. However, to image more than one protein, it is essential to ensure that the Qdots on those proteins cannot exchange. The antibody sandwich approach can be easily adapted to this situation by using an orthogonal set of species of antibodies, i.e., goat-antimouse secondary antibody Qdots paired with mouse-anti6xHis primary antibody, and goat-antirabbit secondary antibody Qdots paired with rabbit-anti-6xHis primary antibody. We have had great success at imaging two colors using this approach (Hughes et al., 2013) , and depending on the optical setup with appropriate splitters and the number of protein tags, as many as six uniquely Qdot-labeled proteins could be feasibly imaged simultaneously.
Equipment
• Benchtop centrifuge one-dimensional diffusion of one QD-labeled particle. Ensure that the length of the line covers the entire range of motion. 4. Press the "/" key or go to Image > Stacks > Reslice. In the Reslice window that pops up, check the box Rotate 90 degrees. Click OK to generate a kymograph that displays the particle position (on the vertical axis) over time (on the horizontal axis). Save the kymograph as a TIFF file. 5. Fit the fluorescence intensity in the kymograph with a one-dimensional Gaussian fitting algorithm in ImageJ. Save the Gaussian-fitted peak positions (Fig. 7C ). 6. In Matlab, or other appropriate data processing software, import the Gaussian-fitted peak positions and calculate the one-dimensional mean square displacement (MSD) as a function of time steps
where N is the total number of frames in the time series, n is the number of frames for different time steps, x i is the Gaussian-fitted peak position in the ith frame, and Δt is the unit time step between consecutive frames, i.e., the inverse of the frame rate. 7. Extract diffusion coefficient D and anomalous diffusion exponent α from the MSD by fitting the equation
Begin the fitting process by using all available data points in the MSD curve. In each round of fitting, reduce the number of data points used by one, taken from the end of the MSD curve, until desired goodness of fit is achieved (Fig. 7C) 4.9.3 Notes 1. It is important to first establish the systematic noise level of the platform, in terms of the one-dimensional diffusion coefficient value of stably bound nonmotile Qdots on the tightrope. 2. By analyzing the component of diffusive motion that is along the direction of the tightrope (longitudinal), an implicit assumption is made that particle motion perpendicular to the tightrope (transverse) is at the background noise level. This assumption can be verified by observing that the particle of interest, motile or nonmotile, does not exhibit any kind of "wobble" on the tightrope, whose direction is in general parallel to that of the hydrodynamic flow expected in the flow cell. Quantitatively, two-dimensional tracking of the particle can be employed to determine its x and y positions. In practice, particles that exhibit any "wobble" on the tightrope should be excluded from further analysis as the behavior indicates that the tightrope itself is not anchored properly on beads or has structural defects. 3. In the case of multiple binding events on one DNA tightrope, it is beneficial to extract the kymographs of all particles on the tightrope, motile and nonmotile, by drawing one straight line through all the particles. Kymographs of individual particles can be cropped out and analyzed independently. 4. An ImageJ script for one-dimensional Gaussian fitting is available for download at http://kadlab.mechanicsanddynamics.com/images/ Downloads/Gaussian_Fit.txt (Kad et al., 2010) . 5. Resolution of the system can be characterized by the positional accuracy (Thompson, Larson, & Webb, 2002) and localization precision (Arnspang, Brewer, & Lagerholm, 2012) . Calculations of these quantities relevant to the tightrope platform have been detailed elsewhere (Ghodke et al., 2014) .
CONCLUSIONS
In summary, we have established a complete laboratory workflow from bulk biochemistry to single-molecule biophysics. The experimental platform detailed in this chapter is well suited for characterization of not just proteins involved in NER, but protein-DNA interactions in general. Specifically, the DNA tightrope assay is straightforward to implement and its versatility allows the technique to be applied to investigate repair pathways such as base excision repair and mismatch repair, as well as the target search process of telomere shelterin complex proteins (Lin et al., 2014) . Tightropes have also been constructed from actin filaments to study the cooperative activation of thin filaments (Desai, Geeves, & Kad, 2015) . In addition to the dynamic and transient behavior observable on DNA tightropes, the use of AFM allows independent snapshot measurements of specific and nonspecific binding in the absence of any labeling fluorescent probes and visualization of any mechanical changes in DNA conformation that can be induced through protein binding. Both complementary techniques benefit greatly from the utilization of defined lesion substrates such that specific binding events can be more readily differentiated from nonspecific ones. In the future, the challenges ahead lie in the development of incorporating nucleosomes (Lee & Greene, 2011; Visnapuu & Greene, 2009) 
